There has been a strong commercial push towards thinner silicon in the solar photovoltaic (PV) 
Introduction
Crystalline silicon solar photovoltaic modules are sandwich structures consisting of materials with different coefficients of thermal expansion (CTE) and thicknesses as shown in Figures 1a and 1b. They tend to develop internal residual stresses due to differential thermal strain in constituent materials due to CTE mismatch during module making process involving high temperature and pressure. The internal residual stresses are detrimental to the reliability of the solar cells and modules as they act as stress localization centres and initiate cracking and failure during the operation of the module [1] [2] [3] [4] [5] [6] [7] [8] as shown in Figures 1c to 1f . Further with the thinning of the silicon wafer to improve cell efficiency and reduce cost of the silicon solar cell modules, the silicon cell becomes even more susceptible to the residual stress and cracking [3] . In this scenario, evaluation of the residual stress in the silicon solar cells is of prime importance to improve the design life and reliability of the solar cell modules. [7] , (e) Cracked solar cell interconnect ribbon [7] , (f) Electroluminescence image of solar panel showing cracks in cells [8] Researchers used different experimental and numerical simulations to evaluate the residual stress and also stress due to operational loads [9] [10] [11] [12] [13] [14] [15] . Particularly Sander et al. [4, 5] used mechanical loading experiments to characterize the stress and cracks by electroluminescence (EL). Dietrich et al. [7] and Pander et al. [8] used both finite element simulations and EL testing to characterize stress and fracture of solar cell modules. Dietrich et al. [9] and Osama Hassan et al. [10] used finite element analysis to characterize stress in solar modules and interconnect. Vidya Ganapathi et al. [11] used infrared birefringence imaging to evaluate residual stress in multi-crystalline silicon. Fang Li [2] studied the stress in the silicon wafers using digital photo-elasticity. G. Saru et al. [13] used Raman spectroscopy to evaluate residual stress in the silicon solar cells near solder joint. A.S. Budiman et al. [14, 15] used Synchrotron X-ray Micro-diffraction to evaluate silicon stress in the encapsulated solar cell modules made of mono-crystalline silicon cells with back metallization. While the finite element simulations are limited by the capability of the material models used, most of the experimental methods are limited to the surface level stress measurements as they can not penetrate the encapsulated solar cell module to probe the stress in the silicon cell. Out of all the techniques listed above, Synchrotron X-ray Micro-Diffraction (μSXRD) is shown to be capable of penetrating the encapsulated solar cell module to evaluate the residual stress in the crystalline silicon solar cell [14, 15] . This report is aimed to explain the experimental setup and procedure of evaluating residual stress in the silicon of solar cell module. This report also touches upon the sample requirements, limitations on the sample size and challenges associated with the method and some interesting future prospects using this technique such as in-situ and in-operando experiments on the solar cell modules.
Synchrotron X-ray Micro-Diffraction -Experimental Setup and Procedure
Synchrotron is a particle accelerator with a circumference of about 1 km approximately. It converts the energy of the fast moving electrons into very high-energy polychromatic X-ray beam [16] . There are synchrotron facilities in several national and international laboratories of USA, Europe, India, Singapore, etc. [16] . Each synchrotron sources several X-ray beams suitable for different purposes, which are called beamlines. Our microdiffraction experiments were conducted at Beamline 12.3.2 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory (LBNL), Berkeley, California [17] . A typical setup of ALS beamline 13.3.2 was shown in Figure 2 . In the beamline, the polychromatic X-Ray beam produced from a superconductor magnet source of synchrotron is refocused at the entrance of the experimental hutch by a platinum-coated silicon toroidal mirror, operating at a grazing angle of 4.5mrad. Final focusing is done by Kirkpatrick-Baez mirrors consisting of an orthogonal pair of 100 mm-long tungsten-coated silicon substrate bent to an elliptical shape. Unlike the normal laboratory X-ray, the X-ray beam coming out of this beamline is of high intensity and highly collimated. Further this is a high energy (5 -20 keV), polychromatic beam of 0.8 microns diameter and hence it can penetrate the samples that are normally impossible for a laboratory X-ray to pass through. In case of encapsulated solar cell module, the synchrotron X-ray can penetrate the sample to probe the stress in the silicon cell. A detailed description of the synchrotron and the beamline construction are beyond the scope of this report and are readily available in references [16] [17] [18] [19] [20] .
The experimental sample we used here is a 175x175 mm mini module consisting of a single 125x125 mm mono-crystalline back contact solar cell as shown in Figure 3a . The region that was actually scanned by X-rays is zoomed out in Figure 3a . Further we used a transparent back sheet instead of a regular back sheet in order to make it transparent to x-ray beam. The front glass is an industry standard tempered glass and the encapsulant is EVA, which is also an industry standard. Figure 3b shows schematic micro diffraction setup of the mini solar module and Figure  3c shows picture of the actual setup. The sample was mounted on the stage as shown in Figures 3b and 3c with its back (metallization side of the solar cell) facing the X-ray beam. The sample stage that is capable of moving in X, Y and Z directions was adjusted to focus the X-ray beam on the sample as required by the experiment.
The sample stage is capable of automatic raster scanning [20] and once sample is setup with optimal focus, the automatic raster scan can be invoked. The system conducts a pixel-by-pixel scan of the selected region of the sample ( Figure 4 ) and generates diffraction pattern for each pixel. The spacing between pixels can be selected to get reasonable approximation to continuity. We selected 0.1 mm as the spacing and exposed each spot for 1.5 sec to get reasonable brightness of the diffraction pattern. The typical Laue diffraction pattern for silicon is shown in Figure 4 . Once the scan is complete it generates as many diffraction patterns as the number of pixels. One of these diffraction patterns should be indexed manually using XMAS software [20] to identify the miller indices of the planes that produced the diffraction spots in the pattern as shown in Figure 4 . Later this indexed pattern can be used to index the all the remaining diffraction patterns automatically by XMAS [20] . Once all the patterns are indexed, the characteristics, local curvature and strain at the spots can be calculated by comparing the crystal lattice parameters obtained from this scan with the baseline silicon crystal lattice parameters following Braggs law and Laue condition [20] as explained in the following section. 
Residual Stress Evaluation from White Beam Laue Diffraction Images
Though Bragg's law is the underlying principle for the X-ray diffraction, the specific case of single crystal sample subjected to white beam X-ray follows Laue diffraction condition, named after Von Laue. The resulting diffraction pattern is commonly known as Laue diagram (Figure 4 ) and each spot in it is called as Laue spot. Each Laue spot is generated by a specific X-ray energy selected by the given lattice plane. A specialized software program, XMAS [20] can then be used to analyze these patterns and index them as shown in Figure 4 , identifying individual patterns from each grain. From this analysis it is possible to determine the orientation matrix of each grain. As our sample is single crystal silicon cell, each grain has same orientation. Further the deviatoric strain can be derived from the Laue diffraction pattern based on the homogeneity property, which states that the coordinates of a given point inside the un-deformed unit cell remain unaffected in the deformed cell as shown in the equation 1 below [20] . (1) Where X 0 and X are the coordinate positions of a point, expressed in the Cartesian coordinate system attached to the unit cell in the undeformed and deformed unit cells respectively and R 0 and R are the transformation matrices converting Cartesian coordinates into unit cell coordinates for the undeformed and deformed unit cell respectively. Equation 1 can be rewritten as shown below to define the deformation matrix, T mapping the undeformed state to the deformed state. Where 'δ ij ' is the Dirac-delta function. The deviatoric stress is then found using Hooke's law (Equation 4).
(4)
Further references [18] [19] [20] discuss the stress derivation more elaborately. Figures 5a-10a show maps of different components of the deviatoric stress in our silicon solar cell sample (Figure 3a ) calculated directly using XMAS from the Laue diffraction plots. Figures 5b-10b show histograms of the respective stress map in order to highlight the confidence level of a max stress value on the stress map. It can be seen that the deviatoric stress values in the directions of xx, yy and zz are not very significant. This could be because much of the stresses in these directions belong to the hydrostatic stress, which is not captured by the Laue technique. The other deviatoric stresses, which are the shear stresses -σ σ xy is also quite significant given the biaxial stress state with the normal stress in one direction is larger than the other due to the metallization lines that are mostly going in one direction. In the context of silicon cell bending and high stress concentration near the solder joint, the shear stresses are probably not a big concern for the silicon material integrity, compared to the large values of the normal stresses. Especially if the normal stresses are tensile as they could lead to cracking and fracture of the solar cells. This problem will be further aggravated if there are micro cracks / defects (carried forward from the wafer cutting process) in the silicon cell. So accurate estimation of the normal stresses in the solar cell is of prime importance and the deviatoric stress mapping performed in this section is not able to provide complete information of the normal stresses. In order to get total normal stresses in each direction, energy scan of the sample at each pixel is required which is rather time consuming and may not be very accurate. Next section explains the process, which was used to estimate the bending stress (which is the most significant component of the normal stress) in the silicon cell through an indirect approach using a modified Stoney's equation. 
Residual Stress Evaluation Using Stoney's Equation
To circumvent the problem discussed in the previous section, we adapted to an indirect method of stress calculation using the relative change in orientation of unit cell (θ) as a measure of curvature and then Stoney's equation, as outlined in K. Chen et al. [21] [22] . This is because unlike the stress (or strain), the relative change in the unit cell orientation will be negligibly affected by the penetration of the X-ray across the sample due to the uniformity of the diffraction volume across the scan. Hence any error resulting from the distortion of the diffraction signal will remain constant over the scan and cancel out during calculation relative orientation change of the unit cell (θ). Now curvature of the unit cell about any direction can be calculated by differentiating the respective θ with the respective spacial coordinate, for example curvature about Y-axis (in XZ plane) can be calculated as shown below in equation 5. (5) Similarly curvatures from all the three directions (X, Y and Z) can be obtained. Using Stoney's equation one can calculate the stress in the thin film when the curvature is known [21] [22] as shown in equation 6 below. From the geometry of the sample near the solder joint, it can be understood that the bending stress in X-direction is significant compared to the other two components and hence we calculated the X-direction stress in silicon. (6) Where E, t and ν are Young's modulus, thickness and Poisson's ratio, respectively. And κ y is the local crystal curvature calculated as explained above. The subscripts s and f denote the substrate (metallization) and film (silicon cell) respectively. The Stoney's equation used here is modified to suite the localized geometry of our measurement, per [21] .
The silicon stress map is shown in Figure 11 below. The order of the magnitude of the stress is quite convincing for the lamination process involving high temperature difference of 125 0 C from the room temperature and also intuitively the bending stress in silicon wafer is following the bending pattern one would expect in the presence of the given solder joint. The max stress is of the order of 300 MPa and it is occurring right at the solder joint (either side, almost symmetric) and decaying with the increasing distance from the solder joint. 
Conclusions
Mechanical stress and fracture are the origins of failures of the solar PV cells during their fabrication as well as their operations in the fields. Thus it is very important to have the tools to characterize them in a more quantitative manner. Through the studies in this article, μSXRD used for residual stress evaluation in encapsulated solar cell and it proved to be a very useful technique with unique capabilities to characterize stress quantitatively especially once the solar cells are laminated, this tool has proved to be perhaps the only practical technique that could provide the capability to study the stress in the silicon solar cells. In this article we also explained how and why the direct stress calculation method is not accurate for the estimation of solar cell residual stress and how Stoney's equation can be used to predict the realistic stress. Further experiments such as in-situ and in-operando evaluation of the solar cell modules can be devised using this technique to get complete understanding of the stress evolution, fracture of the solar cell modules. This method of white beam Laue diffraction can also be used to evaluate residual stress in polycrystalline silicon solar cells also but there is a limitation relating to grain size in the sample. When there are too many grains in an image, the soft-ware is unable to determine which spots correspond to which grains, and cannot analyse the image. Therefore, white x rays are used when the grain size is comparable to or larger than the beam size. Our current experiments are aimed at evaluating the residual stress in polycrystalline silicon solar cell with grain size much higher than the beam size (1 μm).
